Procedures were developed for purification of virus-like particles (VLPs) from killer, neutral, and sensitive strains of Saccharomyces cerevisiae. Morphologically similar spherical VLPs measuring 40 nm in diameter were extracted from all three phenotypes. The particles were partially purified by high-speed centrifugation through a layer of CsCl (1.26 g/cm3) and sucrose density gradient centrifugation. Gradient-purified preparations contained three centrifugal species that sedimented at approximately 43, 102, and 162S. The 43S component is considered to be an artifact. Preparations from killer strains contained three double-stranded RNA (ds-RNA) components with molecular weights of 1.19 x 106, 1.29 x 106 and 2.54 x 10". VLPs from neutral and sensitive strains contained only the largest ds-RNA species. VLP preparations were subsequently separated into two major density components by CsCl equilibrium gradient centrifugation. The light component banding at 1.28 to 1.30 g/cm3 was void of nucleic acid, and the heavy component banding at 1.40 g/cm3 contained only the largest ds-RNA species.
In 1972, Adler and Mackenzie (Abstr. Annu. Meet. Am. Soc. Microbiol. G229, p. 8, 1972) reported the presence of isometric virus-like particles (VLPs), 40 nm in diameter, in cell-free extracts of Saccharomyces cerevisiae. Several other investigators subsequently observed similar particles in yeast cells (1, 5) . Preliminary characterizations of these VLPs were reported by Buck et (8) . These VLPs are of particular interest because of the extrachromosomal inheritance of the killer, neutral, and sensitive phenotypes of strains of S. cerevisiae (2, 12) , suggesting an association between the inheritance of these phenotypes and the presence of VLPs. Killer strains produce a toxin that kills sensitive strains of yeast; neutral strains neither are inhibited by nor produce killer toxin.
A double-stranded RNA (ds-RNA) species with a molecular weight of 2.5 x 106 has been extracted from partially purified VLP preparations of both killer and sensitive strains; a lower-molecular-weight ds-RNA species, 1.4 x 106, was detected only in VLP preparations from killer strains (8, 14) . This suggested an association between the smaller ds-RNA species ' Present address: Biological Sciences Department, California State Polytechnic University, Pomona, Calif. 91768. and toxin production. Similarly killer, neutral, and sensitive strains have also been reported in Ustilago maydis, in which the presence of mycovirus has been correlated with the cytoplasmically inherited factor for toxin resistance in that fungus (18) .
The present investigation attempted to determine the optimum conditions for the extraction of VLP from the yeast cells and further characterization of these particles.
MATERIALS AND METHODS
Cultures. S. cerevisiae strains lad-, 2ad-leur-, 3his, 4ad, 5trp-leu,-, 6his-, 7ad-, 8trp-leu-, 9ad-, and Iltrpleu were obtained from Jacqueline Somers Extraction procedure. The yeast cells grown in 3-liter shake flasks with 1,000 ml of media at 25 C for 5 days were harvested and disrupted by homogenization for 2 min in a Bronwill (Bronwill Scientific Inc., Rochester, N.Y.) cell homogenizer operated at 1 to 10 C. The homogenate was diluted with buffer (100 ml/10 g of cells). The buffers used were 0.01 M Tris-0.01 M KCl-0.0005 M MgCl2-6H20 buffer (TKM), pH 7.0 to 8.5 or 0.03 M pH 7.0 to 8.5 sodium phosphate buffer with 0.15 M NaCl. The extracts were clarified by low-speed centrifugation in a Sorvall RC2B centrifuge at 10,000 x g in an SS-34 rotor at 4 C. Some preparations were treated with 4% polyethylene glycol (6,000 to 7,000 molecular weight) in TKM buffer, pH 8.5, for precipitation of VLPs after low-speed centrifugation. The VLPs were then pelleted by high-speed centrifugation through a 2.5-ml underlayer of 1.26-g/cm3 cesium chloride for 2 h at 4 C at 74,000 x g in either a Beckman (Beckman Spinco Division, Palo Alto, Calif.) model L2-65B or Sorvall (DuPont Sorvall, Newtown, Conn.) model OTD-2 ultracentrifuge. The pellets were resuspended, subjected to low-speed centrifugation, and again pelleted through a CsCl underlayer. The pellets were resuspended in buffer and clarified by low-speed centrifugation, and the supernatant solution was centrifuged at 4 C for 3 h at 105,000 x g. Gradient centrifugation. VLP preparations were layered onto 10 to 40% sucrose density gradients (16) and centrifuged at 190,000 x g for 1.5 h at 4 C in a Beckman SW41 rotor. In some experiments, before sucrose density gradient centrifugation, the prepara- Electron microscopy. Carbon-coated Formvar grids were floated on drops of gradient fractions, rinsed with water, negatively stained with 2% sodium phosphotungstate, and examined in a Zeiss EM9-2S electron microscope.
Polyacrylamide gel electrophoresis. VLP gradient fractions were incubated with 10% sodium lauryl sulfate and 10% sucrose for 15 min at 60 C (10). They were then subjected to electrophoresis in 2.4% polyacrylamide gels (9) for 4.5 h at 6 mA/gel and scanned at 260 nm in a Gilford (Gilford Instruments, Oberlin, Ohio) model 2400-S spectrophotometer with a linear transport accessory. Double-stranded nucleic acid was detected by staining gels with 0.01% aqueous toluidine blue for 12 h and destaining with water (8) .
Orcinol and diphenylamine tests. Sucrose density gradient VLP fractions were subjected to the orcinol and diphenylamine tests (7) .
RESULTS
Growth conditions. During differential centrifugation, preparations from yeast cells grown in different media contained varying amounts of host materials that pelleted and resuspended along with the VLPs. VLP preparations from cells grown in GYP broth contained a large amount of this host material, whereas yeast grown in Sabouraud broth contained less. Growth of the cells in CM and modified CM broth resulted in the lowest relative quantity of contaminating host materials.
Purification. Precipitation of VLPs with polyethylene glycol (6,000 to 7,000 molecular weight) was obtained after one low-speed centrifugation. This procedure eliminated a significant amount of the contaminant material; however, such preparations were not suitable for further studies. Sufficient purification of the VLPs could be obtained by centrifuging the extracts through an underlayer of cesium chloride (1.26 g/cm'). Subsequent sucrose density gradient centrifugation eliminated most of the non-VLP materials, although cesium chloride equilibrium density gradient centrifugation was required to obtain highly purified VLP fractions. 17, 1976 formly 40 nm in diameter when stained with 2% phosphotungstic acid (Fig. 1) .
VLP characterization. Log-linear sucrose density gradient centrifugation indicated that all VLP preparations contained particles that sedimented at approximately 43S, 102S, and 162S ( Fig. 2A) . When sucrose gradient-purified VLP preparations from killer (8trp-leu-), neutral (6his-), and sensitive (2ad-leu2-) strains were centrifuged to equilibrium in cesium chloride, the 162S component banded predominantly at 1.40 g/cm3. The 43S and 102S particles banded as a group of peaks in the region of 1.28 to 1.30 g/cm3 (Fig. 2B) . If the latter density fraction was subsequently centrifuged on sucrose density gradients, only the 102S component was observed. All cesium chloride peak fractions contained only VLPs when examined by electron microscopy.
Nucleic acid characterization. Polyacrylamide gel electrophoresis of the nucleic acids extracted from pooled VLP sucrose gradient fractions of the killer strain, 8trp-leu-, demonstrated the presence of three nucleic acid components. Positive orcinol tests and pink reactions upon staining with toluidine blue indicated that these components were ds-RNA. A small DNA peak was also observed when VLP preparations were not treated with DNase before nucleic acid extraction. Using Penicillium chrysogenum virus ds-RNA as molecular weight markers (17), the three ds-RNA components were found to have molecular weights of 2.54 x 106, 1.29 x 106, and 1.19 x 106 (Fig. 3A) . VLP preparations from neutral (6his-) and sensitive (2ad-leu2-) strains contained only the 2.54 x 106-dalton species (Fig. 3B) .
The 1.28-to 1.30-g/cm3 density component had an UV absorbency ratio of 0.95 at 260/280 nm, indicating a lack of nucleic acid. The 1.40-g/cm3 component had a 260/280 nm ratio of 1.60 and was found to contain only the ds-RNA with a molecular weight of 2.54 x 106 (Fig. 3C) . cerevisiae occurred over 2 years ago, purification of these VLPs has been difficult. This was primarily due to the occurrence of host contaminants that were not eliminated during centrifugal fractionation procedures. The parameters affecting the relative amount of these contaminants seemed to include the strain of the fungus, growth medium and conditions, and buffer used for extraction. It was observed in the present study that growth of the cells in CM, extraction of the VLPs with 0.03 M sodium phosphate-0.15 M NaCl buffer at pH 7.5, and high-speed centrifugation of the VLPs through an underlayer of CsCl (1.26 g/cm3) improved the purity of VLP preparations from S.
cerevisiae.
In the present study 12 of the 14 strains tested contained varying amounts of morphologically identical particles (Table 1 ) which in all 12 strains exhibited three components sedimenting at 43S, 102S, and 162S. These results and others (5, 8) indicated the widespread occurrence of VLPs in S. cerevisiae and suggest that common VLPs may be present in all of these isolates. The two fastest-sedimenting components were also observed by Buck et al. (5) and Herring and Bevan (8) .
The nature of the 43S component that had a (Fig. 2) . The CsCl underlay procedure, however, does eliminate most of the host material without significant VLP degradation. This is indicated by the fact that all VLP preparations for a single strain exhibited a constant ratio of the three centrifugal components.
VLPs from killer, neutral, and sensitive strains of S. cerevisiae contained the 2.54 x 106-dalton ds-RNA species. Partially purified preparations from a killer strain (8trp-leu-) contained two additional lower-molecularweight ds-RNA species: 1.19 x 106 and 1.29 x 106. When these partially purified VLP prepara- tions from the killer strain were pretreated with RNase in a low-molarity buffer before nucleic acid extraction, the smaller ds-RNA's were not recovered (unpublished data). These lowermolecular-weight ds-RNA's were also not present in nucleic acid extracts of VLP preparations that had been subjected to cesium chloride centrifugation (Fig. 3C) . These results suggest that the smaller ds-RNA's may be encapsulated within the VLPs, as indicated by Herring and Bevan (8) , but particles containing these RNA species are preferentially degraded in cesium chloride equilibrium gradient centrifugation; alternatively, they may be unencapsulated nucleic acid, similar to the contaminant DNA detected in VLP preparations (Fig. 3) .
Other investigators have observed a lowmolecular-weight species of ds-RNA, 1.4 x 106, in either partially purified VLP preparations from killer strains (8) or in total RNA extracts of killer strains (1, 14) . A correlation has been established between the presence of this ds-RNA species and the production of killer toxin (1, 8, 14) . It should be noted, however, that killer strains have not been reported which contain only the highest-molecular-weight species of ds-RNA; therefore, it is possible that the presence of a VLP with the largest ds-RNA component may be necessary for maintenance of the smaller ds-RNA species.
